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Live biotherapeutics products (LBP) are a novel range of therapeutic options in
medicine. In this review, authors discuss basic composition and mechanism of
action of LBP, provide a comprehensive focused overview of published in vitro
and in vivo studies on efficacy of LBP for prevention and treatment of infectious
diseases such as viral (HIV, COVID-19), bacterial (C.difficile infection, bacterial
vaginosis, multi-drug resistant organisms) and fungal (Candida) organisms. This
review should be of interest to clinicians to understand the broad application of
LBP in infectious diseases world beyond recurrent C.difficile infection and to
researchers on unexplored prospects of LBP and the need for further
investigation in this emerging field to improve its clinical application.
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Introduction

The human microbiome refers to a variety of microorganisms ranging from bacteria,
yeasts, viruses, protozoa, archaea, and eukaryotic microbes colonizing the body (Aroniadis
and Grinspan, 2024). These microbial communities inhabit the oral, nasopharyngeal, gut,
genitourinary and skin lining. The interaction between the host and microbial communities
is known to play an important role in human health and diseases. Gut microbiota, the most
abundant of all microbiomes, has been associated with a wide variety of metabolic and
immune mediated diseases like inflammatory bowel diseases, obesity, cancer, neurological
disorders. Since birth, multiple factors such as diet, environment, genetics, antibiotics
influence the composition of human gut microbiome (Aroniadis and Grinspan, 2024).
Understanding this microbial community and complex host-microbiome interaction has
been challenging. Recently, metagenomic studies have led to better understanding of
composition of the gut microbiome and impact of alteration in gut microbiome aka
dysbiosis on subsequent development of diseases and disorders. As a result, microbiome
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engineering is now an emerging novel technique designed to alter
microbial composition or its activity for therapeutic purposes to
help restore normal health function. Live biotherapeutic products
(LBPs) are such an example of genetically engineered microbes used
for diagnostic and therapeutic purposes.

The US Food and Drug Administration (Food and Drug
Administration, 2016) defines LBPs as “a biological product that
1) contains live organisms such as bacteria; 2) is applicable to the
prevention, treatment, or cure of a disease or condition of human
beings; and 3) is not a vaccine”. Recombinant LBP is defined as “a
live biotherapeutic product composed of microorganisms that have
been genetically modified through the purposeful addition, deletion,
or modification of genetic material”. In contrast to LBPs, prebiotics,
probiotics and synbiotics are commonly used as functional foods
and dietary supplements, without need for regulatory approval
process and lack robust clinical trials data on efficacy against any
specific disease prevention and treatment (Table 1).

Host microbiome and association
with infection

The human microbiome can resist pathogens from developing
infection via direct and indirect pathways. Microbiome can result in
direct killing of pathogens, without host involvement, by producing
metabolites, toxins and depriving pathogens of essential nutrients
(Zhang et al., 2021). For example, vaginal microbiome
predominantly consists of Lactobacillus species which produces
lactic acid (Kwon and Lee, 2022). Acidic vaginal environment
causes inhibition of growth of harmful bacteria like E.coli,
N.gonorrhea and C.trachomatis. Lactic acid can also prevent viral
infection such as inactivation of HIV surface charge preventing its
attachment to host cell. Indirectly, host microbiome can activate
innate and adaptive immune responses and stimulate anti-pathogen

10.3389/frmbi.2024.1415083

metabolite production to resist pathogenic infection. Common skin
colonizer like S.epidermidis can induce CD8 T cells providing
antimicrobial protection and helping with tissue repair (Zheng
et al., 2020). In a similar fashion to host microbiome, LBPs can
be a single microbial strain, or a community of microbial strains
designed to interact with host ecosystem using innate microbial
properties or through genetic modification (Heavey et al., 2022).
These engineered LBPs can function by inhibiting growth of
pathogenic organisms or toxins, stimulating production of
beneficial molecules to prevent cancer, to modifying metabolism
and mucosal immune system to decrease inflammation (Tan et al.,
2020). A study performed on human colonic explants pretreated
with a single-strain live biotherapeutic product (SS-LBP) of Bacillus
velezensis strain ADS024 followed by C.difficile toxin exposure
demonstrated protease secretion by ADS024 resulting in lower
toxin B levels and toxin-mediated cell apoptosis (O’Donnell et al.,
2022). Thus, SS-LBP has potential for protecting against colonic
mucosal damage and preventing recurrent CDI post standard
antimicrobial treatment.

Use of live biotherapeutic products in
infectious diseases

Clostridioides difficile infection

Clostridioides difficile is one of the most common healthcare-
associated infections with high recurrence rates and accounting for
15%-20% all-cause mortality. Exposure to antimicrobial therapy
results in gut microbiota dysbiosis and higher primary bile acid
concentration increasing the risk for Clostridioides difficile infection
(CDI) and its recurrence. Treatment guidelines for CDI
recommend oral antimicrobial therapy options such vancomycin,
fidaxomicin and fecal microbiota transplant (FMT) for recurrent

TABLE 1 Comparison between prebiotics, probiotics, synbiotics and live biotherapeutic products.

Prebiotics Probiotics

( (

Synbiotics Live biotherapeutic products

( ( )

Definition “A non-digestible food ingredient that “Live microorganisms “A mixture comprising live “Biological product that 1) contains live
beneficially affects the host by selectively that, when administered microorganisms and substrate(s) = organisms such as bacteria; 2) is
stimulating the growth and/or activity of one | in adequate amounts, selectively utilized by host applicable to the prevention, treatment, or
or a limited number of bacteria in the colon, | confer a health benefit microorganisms that confers a cure of a disease or condition of human
and thus improves host health” on the host” health benefit on the host” beings; and 3) is not a vaccine”

Use Dietary supplement Dietary supplement Drug, food or supplement Medicinal use for range of diseases such
as C.difficile infection, colitis,
inflammatory bowel diseases,
cancer, phenylketonuria

Examples Fructo-oligosaccharides (FOS), Galacto- Lactobacillus spp, Streptococcus thermophilus E.coli Nissle 1917, Lactococcus lactis,
oligosaccharides (GOS), Lactose, Inulin- Bifidobacterium spp., in combination with FOS/GOS/  Salmonella typhi VXMO01
enriched FOS Saccharomyces, Bacillus Inulin-enriched FOS

spp., Escherichia coli,
Enterococci,
Weissella spp.

Regulatory No No No Yes

approval

requirement
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CDI (rCDI). However, antimicrobial CDI treatment has failed to
show sustained response in preventing rCDI and the potential
spread of pathogenic organisms to recipients via FMT remains
a concern.

Live biotherapeutic products have been extensively studied in
treatment and prevention of recurrent CDI (Pettit et al., 2024).
Microbiota based suspension has been demonstrated to enhance
normal gut microbiota (commensal Bacterioidia and Clostridia)
and reduce harmful microbes (Gammaproteobacteria, Bacilli and
Erysipelotrichia), thus restoring normal gut flora as well as beneficial
secondary bile acid concentrations (Orenstein et al., 2023).

RBX2660 containing a consortium of spore and non-spore
forming fecal microbiota, live-jslm (Rebyota), has been studied in
a phase 3 clinical trial (PUNCH CD3) administered as a single-dose
rectal administration to adults 24-72hrs after completion of
standard antibiotic therapy for rCDI (Khanna et al., 2022).
Compared to placebo, RBX2660 demonstrated safety and 70.6%
efficacy in preventing rCDI at week 8 with sustained effects for up to
6 months post treatment (Lee et al., 2023). Similar findings were
observed in prevention of rCDIs in high-risk elderly patients treated
with RBX2660 (Tillotson et al., 2022). Fecal microbiota spores, live-
brpk or VOS (Vowst Oral Spores) containing suspension of
Firmicutes spore forming colonies has been studied in phase 3
ECOSPOR III clinical trial to assess CDI recurrence after
completion of anti-CDI therapy (Sims et al., 2023). Treatment of
adult patients with oral dose of four VOS capsules for 3 days showed
lower rCDI rates compared to placebo and sustained response for
up to 24 weeks post treatment. Similar efficacy was seen in older
adults through week 8.

A non-frozen oral encapsulated LBP (RBX7455) containing
processed fecal microbiota-based suspension of RBX2660 from a
single donor successfully completed phase 1 clinical trial
demonstrating its safety and efficacy in preventing recurrent
CDI (rCDI) in adults for up to 6 months post treatment
(Fischer and Ray, 2024).

The phase 2 clinical trial of encapsulated high-dose oral
formulation (10 capsules daily for 14 days) containing 8
well-characterized nontoxigenic nonpathogenic commensal
Clostridia strains (VE303) has demonstrated efficacy in
preventing rCDI in adults and primary CDI in high-risk elderly
patients (Louie et al., 2023).

Treatment with nontoxigenic strain C. difficile-M3 (NTCD-M3)
spores possess the ability to colonize gastrointestinal tract inhibiting
proliferation of pathogenic C.difficile. A phase 2b clinical trial
performed with daily oral formulation of NTCD-M3 spores for 7
days showed 95% efficacy in preventing rCDI for 6-weeks post
treatment (Gerding et al., 2015).

Gastrointestinal infections other than
C. difficile

Studies performed in in vitro and in vivo models have
demonstrated antibacterial activity of recombinant human
lactoferrin produced by Lactobacillus casei (Tan et al, 2020).
Similarly, Lactococcus lactis is known to secrete anti-enterococcal
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peptide capable of inhibiting enterococcal growth exerting
antimicrobial activity against E.faecalis and multidrug resistant
E.faecium strains.

Traveler’s diarrhea is caused by enterotoxin produced by
Enterotoxigenic E.coli strain. Paton et al. constructed nonpathogenic
E.coli CWG308 strain expressing glycosyltransferase genes from
Neisseria meningitidis or Campylobacter jejuni resulting in
production of modified lipopolysaccharide (mLPS) lacto-N-
neotetraose (Paton et al., 2005). Structural similarity of mLPS to
Shiga toxin’s natural receptor resulted in binding and neutralization
of enterotoxin in both human and porcine in vitro models as well as in
vivo rabbit ligated ileal loops.

To combat cholera disease, E.coli Nissle 1917 constructed to
express cholera autoinducer 1 resulted in reducing cholera toxin
binding and intestinal colonization of infant mouse model along
with significant growth inhibition of V.cholerae (Kelly et al., 2009;
Duan and March, 2010). Similarly, E.coli Nissle 1917 strain
engineered to produce antimicrobial peptides Microcin H47 in
presence of tetrathionate, an indicator of intestinal inflammation,

has demonstrated ability to inhibit growth of Salmonella species.

Multidrug-resistant organisms

Antibiotic exposure, infections with multidrug-resistant
organisms (MDROs) can result in alteration of gut microbiota
(Panzer et al., 2024). Patients harboring MDROs are known to
develop long-term gut colonization with these organisms increasing
risk for reinfection and transmission to others. In view of lack of
robust data on decolonization strategies for MDROs, use of LPB to
decolonize gut without risk for dysbiosis is a promising alternative
(Ducarmon et al., 2021).

Engineered E.coli Nissle 1917 modified to overproduce
microcin 147 has demonstrated antimicrobial activity against
multiple MDRO, with highest efficacy against Enterobacteriaceae
(Sonnenborn, 2016; Charbonneau et al., 2020). Preclinical animal
model study demonstrated significant decline in intestinal
concentration of carbapenem-resistant K.pneumonaie without
change in native microbiome after seven days of daily oral LBP
treatment (Mortzfeld et al,, 2022). Genetically engineered E.coli
Nissle 1917 strains with ability to produce dispersin B, an
antibiofilm enzyme, has demonstrated decline in Pseudomonas
aeruginosa concentrations in animal models and reduction in
Enterococcal and Salmonella species in murine models through
secretion of antimicrobial peptides (Hwang et al., 2017).

Coronavirus disease 2019 infection

Coronavirus disease 2019 (COVID-19) caused by the virus
SARS-CoV-2 has accounted for high morbidity and mortality.
Currently, omicron variants continue to circulate in communities
worldwide causing mild to severe life-threatening infections
including breakthrough infections. Outside of antivirals, LBP has
been studied as potential treatment options for COVID-19.

Oral LL-37 is an LBP generated by combination of Lactococcus
lactis (drug delivery agent) and Human antimicrobial peptide LL-37
(Zhao et al, 2023). In general, Human LL-37 is known to exert
antiviral activity by disrupting lipid envelope, causing cell death.
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Studies have demonstrated LL-37 prevents binding of SARS-CoV-2
spike protein to host cell receptor ACE2 reducing risk for COVID-19
infection. In an investigator-initiated prospective open-labeled
randomized case-control single-center clinical trial, authors
compared the effect of oral LL-37 vs placebo (L.lactis) on negative
conversion time (NCT) of SARS CoV-2 nucleic acid test. Adult
patients with mild Omicron BA.5 infection received oral LL-37
(n=129) or placebo (n=109) for seven days. Treatment with oral
LL-37 resulted in significantly reduced NCT when initiated within 6
days of infection without any safety concerns. Additional studies are
needed to demonstrate if early initiation of oral LL-37, reducing SARS
CoV-2 viral load, could potentially have other beneficial roles such as
shorter duration of clinical symptoms and lower risk for
long COVID.

Respiratory tract infections

Viral respiratory tract infections are known to cause many
diseases from common cold infections to severe pneumonia. Other
than influenza and COVID-19, there is lack of robust data on
antiviral treatment recommendations for other viruses. Respiratory
microbiome is known to resist viral infections with antipathogenic
properties, immune activation and maintenance of epithelial barrier
integrity. In vitro topical testing has demonstrated Lactobacillaceae
strains to directly inhibit respiratory viruses and stimulate interferon
regulatory pathways. Further in vitro analysis of three strains
Lacticaseibacillus casei AMBR2, Lacticaseibacillus rhamnosus GG
and Lactiplantibacillus plantarum WCFS1 has shown to have
combined anticytopathogenic effects against respiratory syncytial
virus, influenza viruses and human coronaviruses-229E. The
combination of these three strains suspended in oil delivered in
form of a throat spray was investigated in healthy volunteers
(Spacova et al, 2023). Study confirmed microbiome throat spray
resulted in immune activation and colonization of throat with all 3
Lactobacillacea strains for 30 minutes post application. Further
clinical trials are needed to assess the safety and efficacy of these
products for practical use.

Urinary tract infections

Urinary tract infections (UTIs) can range from uncomplicated
cystitis to pyelonephritis. It is the one of the most common bacterial
infections in the world accounting for high-cost burden to the
healthcare industry. Frequent use of antimicrobials for treatment of
UTTs has resulted in a rise in antimicrobial resistance and limitation
in available effective treatment options. Live biotherapeutic
products have been studied as potential options for treatment and
prevention of UTTs.

Normal urogenital flora is known to have protective factors
which prevent ascending infections. Less UTIs were observed after
vaginal application of Lactobacillus crispatus causing restoration of
native microbial flora. Asymptomatic bacteriuria (ASB) E.coli strain
has been shown to possess bacterial interference properties by
inhibition of uropathogens via unknown mechanism to prevent
UTIs (Rudick et al, 2014). Additionally, intravesicular or
intravaginal ASB E.coli instillation has shown to possess analgesic
activity similar to intravesicular lidocaine. Clinical studies
performed in spinal cord injury patients, neurogenic bladder
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patients with chronic catheterizations, and recurrent UTIs
showed significantly lower UTIs after inoculation of ASB E.coli
strain 83972. Furthermore, ASB E.coli strain 83972 has shown
comparable results to ciprofloxacin in reducing NU14 bacteriuria
in mice models. ASB E.coli strain also demonstrated lower UTI
allodynia in infections with pathogenic E.coli as well as other
common gram negative and gram-positive uropathogens. Overall,
LBPs have therapeutic benefit for UTTs as well as symptomatic relief
in interstitial cystitis patients, reducing the risk for unnecessary
antibiotic use in these patient population.

Human immunodeficiency virus

Every year more than 30,000 new human immunodeficiency
virus (HIV) infections are diagnosed in the United States.
Currently, prevention of HIV relies mostly on safe sex and needle
use practices. Pre-exposure HIV prophylaxis with oral tenofovir-
emtricitabine based antiretrovirals and long-acting cabotegravir
injectable agents are available. Adherence to medications, risk of
viral resistance and breakthrough infections remains a concern.

Normal vaginal flora has been known to possess beneficial
properties resisting urogenital infections such as sexually
transmitted diseases and HIV. Lactobacilli strains, commonly
found in 17%-41% of vaginal flora, produce hydrogen peroxide
and lactic acid reducing the risk of acquiring sexually transmitted
infections and HIV-1.

Recombinant LBP MucoCept is a genetically engineered
Lactobacillus strain, L. jensenii 1153-1666 designed to prevent
HIV infection in women by secreting modified HIV-1 inhibitor
protein, cyanovirin-N preventing mucosal viral entry (Lagenaur
et al, 2015). Study in rhesus macaque model inoculated with
vaginal MucoCept showed 63% reduction in acquisition of
chimeric simian-HIV and six-fold reduction in animal viral loads
with breakthrough infections. Potent, stable, easy-to-use, rapidly
disintegrating vaginal tablets of MucoCept successfully colonized
83% of macaques after 21 days. Clinical trials are underway to test
novel once-monthly MucoCept vaginal rings as a non-antiretroviral
option for prevention of HIV-1 infection in women.

Bacterial vaginosis

Bacterial vaginosis (BV) is one of the most common vaginal
infections in reproductive age women associated with high
recurrence rate and increased risk for HIV infection due to
genital inflammation and epithelial barrier disruption. The
condition is known to occur due to imbalance in bacterial flora
causing overgrowth of anaerobic bacteria and reduction in
hydrogen-peroxide-producing Lactobacilli species, which
normally predominate vaginal flora. Among Lactobacilli species,
L.crispatus is known to be predominant with anti-inflammatory
properties and suppression of proinflammatory bacterial species
reducing the risk for HIV acquisition. Standard antibiotic treatment
of BV has been shown to reduce proinflammatory cytokines,
however it increases Interferon-gamma-induced protein (IP)-10
associated with HIV acquisition risk and does not restore
beneficial Lactobacillus species. Studies with Lactobacillus species-
based probiotics have been unsuccessful in lowering genital
inflammation and BV recurrence.
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Live biotherapeutic containing L.crispatus strain CTV-05
(LACTIN-V) has been investigated in phase 2 clinical trial post
standard topical metronidazole treatment of BV (Armstrong et al,
2022). Compared to placebo, vaginal application of LACTIN-V
resulted in lower rates of recurrent BV sustained up to 3-months
post last treatment dose. Study findings showed LACTIN-V lowered
concentrations of genital pro-inflammatory cytokines and chemokines,
suppressed inflammatory bacterial vaginosis-associated bacteria and
diminished epithelial barrier disruption. LACTIN-V is a promising
treatment option for preventing recurrent BV and an appealing non-
antiretroviral option to prevent HIV acquisition in women.

Candidiasis

Candidiasis is a fungal infection caused by the Candida species,
predominantly C.albicans, a common part of normal human microbial
flora. Opportunistic infections can range from mild thrush to life-
threatening invasive diseases. Treatment options are limited to 3
antifungal classes and emerging resistance remains a concern.
Lactobacillus casei rhamnosus Lcr35 (Ler35) is known to possess
anti-pathogenic properties against Candida albicans by preventing
its adhesion to epithelial cells (Poupet et al,, 2019). In vitro testing on
Caco-2 monolayer, an enterocyte-like cell line, failed to show any effect
of Ler35 on C.albicans growth or biofilm formation. However, in vivo

10.3389/frmbi.2024.1415083

study on C.albicans infected Caenorhabditis elegans worm showed
protective efficacy of Lcr35. Mechanistic study demonstrated Ler35
mediated activation of host’s immune response (DAF-16/Forkhead
Box O transcription factor, upregulation of p38 MAP Kinase signaling
pathway) and antifungal response as likely mechanism of action
against C.albicans. Study findings provide insight into exploring
potential therapeutic options in future for treatment of Candidiasis.

Discussion

Infectious diseases are caused by pathogenic bacteria, fungi,
viruses or parasites. Management of infectious diseases ranges from
symptomatic treatment to antimicrobial therapy for days to weeks.
Currently, widespread use of antimicrobial therapy has resulted in a
rise in antimicrobial resistance and its spread. Moreover, challenges
encountered with lack of effective treatment options have become a
rising concern. Live biotherapeutic products containing modified
normal microbiota demonstrating ability to restore microbial flora
and kill pathogenic organisms are ideal non-antibiotic treatment
strategy to resolve ongoing challenges.

Preclinical and clinical studies with LBP have been successful in
prevention and treatment of many infectious diseases (Table 2).

TABLE 2 Clinical application of live biotherapeutic products in Infectious Diseases.

Indication

Live Biotherapeutic Product

Mode of delivery = Clinical evidence

Phase 3 ECOSPOR III clinical trial,

Prevention of recurrent C.difficile infection

Prevention and treatment of bacterial
gastrointestinal infections (other
than C.difficile)

Gastrointestinal decolonization of
Enterobacteriaceae including multidrug
resistant organisms

Treatment of COVID-19 infection

Prevention and treatment of respiratory tract
viral infections

Prevention and treatment of urinary
tract infections

Prevention of HIV

Prevention and treatment of
bacterial vaginosis

Treatment of Candidiasis
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Fecal microbiota spores, live-brpk or VOS (Vowst
Oral Spores)

RBX2660, consortium of spore and non-spore
forming fecal microbiota, live-jslm (Rebyota)

RBX7455, fecal microbiota-based suspension from
single donor

VE303, nontoxigenic nonpathogenic commensal
Clostridia strains

Nontoxigenic C.difficile-M3 spores
(NTCD-M3)

Lactobacillus casei, Lactobacillus lactis,
nonpathogenic E.coli CWG308, E.coli Nissle 1917

E.coli Nissle 1917

Human LL-37 (Lactococcus lactis and human
antimicrobial peptide LL-37)

Lacticaseibacillus casei AMBR2, Lacticaseibacillus
rhamnosus GG and Lactiplantibacillus
plantarum WCFS1

Lactobacillus crispatus, Asymptomatic bacteruria
E.coli strain 83972

L. jensenii 1153-1666 (MucoCept)

Lactobacillus crispatus strain CTV-05 (LACTIN-V)

Lactobacillus casei rhamnosus Lcr35 (Ler35)

05

Oral capsules

Rectal administration

Oral capsules

Oral capsules

Oral capsules

Unknown

Oral capsules

Oral capsules

Throat spray

Intravaginal or
intravesicular application

Vaginal tablets

Vaginal application

Unknown

FDA approved

Phase 3 clinical trial (PUNCH CD3),
FDA approved

Phase 1 clinical trial

Phase 2 clinical trial

Phase 2b clinical trial

Preclinical models

Preclinical models

Prospective open-labeled
randomized case-control single
center clinical trial

Phase 1 clinical trial

Preclinical models

Preclinical models

Phase 2 clinical trial

Preclinical models
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Most robust data is available in prevention of rCDIs. Faecal
microbiota transplantation has been successful in preventing
recurrent CDIs. However, reports of extended-spectrum beta-
lactamase-producing E.coli infection and Shiga-toxin producing
E.coli infection have been reported post FMT (Park and Seo,
2021). Incomplete screening of donor stool for pathogenic
organisms has raised safety concerns related to FMT.
Additionally, obesity and immune-mediated disorders have been
linked with donor microbiome engraftment. In contrast, the FDA
Center for Biologic Evaluation and Research (CBER) regulates the
development of LBP including clinical trial studies to ensure its
safety and efficacy (Cordaillat-Simmons et al., 2020). Facilities
conducting manufacturing, processing and packaging of LBP
operate under regulations of current good manufacturing
processes to provide safe and reliable products. Recently,
recombinant LBPs Rebyota and Vowst Oral Spores have been
FDA approved for use in prevention of recurrent CDIL

In general, clinical development of LBP is a rigorous process of
conducting genome sequencing of preferred clinical bacterial strain,
detecting for any transferrable resistant genes, restricting replication
of the microorganism in the human body and determining its
biodistribution outside the site of action (Charbonneau et al., 2020).
The major challenge in LBP development remains the lack of full
understanding on interaction between host, microbiota, and
environmental factors (Rouanet et al., 2020) Oral administration
of LBP has been the most common mode of delivery thus far and
considered safe and convenient for patient use. However, numerous
physiological challenges encountered in human gastrointestinal
tract including but not limited to stomach acids, bile acids,
various enzymes, immune cells, native colonic flora, chemical
environment, peristalsis, mucosal and epithelial regeneration can
alter LBP functions (Heavey et al., 2022). Thus, determining
appropriate delivery methods and dosage forms of LBP for
treatment and prevention of diseases remains a mystery (Pot and
Vandenplas, 2021).

Regardless, LBPs have tremendous potential for clinical
application in both infectious and non-infectious diseases fields.
The availability of safe and effective alternative non-antibiotic
treatment options for management of infectious diseases will be a
game changer. Use of LBPs for treatment and prevention of
commonly encountered infections such as UTISs, respiratory viral
infections, rCDI, and other GI tract infections can have significant
healthcare and economic impact. With the current challenges of
antimicrobial resistance, LBP are essentially the holy grail for

management of infectious diseases.
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Further studies are necessary to overcome ongoing challenges.
To improve the development of LBP, application of multi-omics
(e.g. genomics, transcriptomics, proteomics, metabolomics) studies
are essential for better understanding of host-LBP-microbiome
interactions, to identify effective delivery methods and dosage
forms of LBP for preventative and therapeutic purposes (Heavey
et al, 2022). Many of the current studies have focused on the use of
recombinant E.coli and Lactobacillus strains. Additional exploratory
work will be crucial to discover other beneficial microbes in the vast
human microbiota and their potential clinical applications.

In conclusion, with rising antimicrobial resistance and limited
antimicrobial treatment armamentarium, LBPs are essential and
promising non-antimicrobial treatment options for management of
infectious diseases. Advances in omics strategies and genetic
engineering technology are necessary to perfect these products
and use them in the real-world setting.

Author contributions

BN: Writing - original draft, Writing - review & editing,
Investigation, Resources. TC: Writing — review & editing, Supervision.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Charbonneau, M. R, Isabella, V. M., Li, N., and Kurtz, C. B. (2020). Developing a
new class of engineered live bacterial therapeutics to treat human diseases. Nat.
Commun. 11, 1738. doi: 10.1038/s41467-020-15508-1

Cordaillat-Simmons, M., Rouanet, A., and Pot, B. (2020). Live biotherapeutic
products: the importance of a defined regulatory framework. Exp. Mol. Med. 52,
1397-1406. doi: 10.1038/s12276-020-0437-6

frontiersin.org


https://doi.org/10.1016/S2666-5247(22)00043-X
https://doi.org/10.14309/ajg.0000000000002583
https://doi.org/10.1038/s41467-020-15508-1
https://doi.org/10.1038/s12276-020-0437-6
https://doi.org/10.3389/frmbi.2024.1415083
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org

Navalkele and Chopra

Davani-Davari, D., Negahdaripour, M., Karimzadeh, I, Seifan, M., Mohkam, M.,
Masoumi, S. J., et al. (2019). Prebiotics: definition, types, sources, mechanisms, and
clinical applications. Foods 8(3):92. doi: 10.3390/foods8030092

Duan, F., and March, J. C. (2010). Engineered bacterial communication prevents
Vibrio cholerae virulence in an infant mouse model. Proc. Natl. Acad. Sci. United States
America 107, 11260-11264. doi: 10.1073/pnas.1001294107

Ducarmon, Q. R, Kuijper, E. J., and Olle, B. (2021). Opportunities and challenges in
development of live biotherapeutic products to fight infections. J. Infect. Dis. 223, S283-
$289. doi: 10.1093/infdis/jiaa779

Fischer, M., and Ray, A. (2024). Future microbiome therapeutics for clostridioides difficile
infection. Am. J. Gastroenterol. 119, $27-529. doi: 10.14309/ajg.0000000000002576

Food and Drug Administration (2016). “Food and Drug Administration. Early
clinical trials with live biotherapeutic products: chemistry, manufacturing, and
controlinformation. Guidance for Industry,” in Guidance for industry.

Gerding, D. N., Meyer, T., Lee, C., Cohen, S. H., Murthy, U. K., Poirier, A., et al.
(2015). Administration of spores of nontoxigenic Clostridium difficile strain M3 for
prevention of recurrent C. difficile infection: a randomized clinical trial. J. Am. Med.
Assoc. 313, 1719-1727. doi: 10.1001/jama.2015.3725

Heavey, M. K., Durmusoglu, D., Crook, N., and Anselmo, A. C. (2022). Discovery
and delivery strategies for engineered live biotherapeutic products. Trends Biotechnol.
40, 354-369. doi: 10.1016/j.tibtech.2021.08.002

Hwang, 1. Y., Koh, E., Wong, A., March, J. C,, Bentley, W. E,, Lee, Y. S,, et al. (2017).
Engineered probiotic Escherichia coli can eliminate and prevent Pseudomonas aeruginosa
gut infection in animal models. Nat. Commun. 8, 15028. doi: 10.1038/ncomms15028

Kelly, R. C., Bolitho, M. E., Higgins, D. A, Lu, W., Ng, W.-L,, Jeftrey, P. D, et al.
(2009). The Vibrio cholerae quorum-sensing autoinducer CAI-1: analysis of the
biosynthetic enzyme CqsA. Nat. Chem. Biol. 5, 891-895. doi: 10.1038/nchembio.237

Khanna, S., Assi, M., Lee, C,, Yoho, D., Louie, T., Knapple, W., et al. (2022). Efficacy and
safety of RBX2660 in PUNCH CD3, a phase III, randomized, double-blind, placebo-
controlled trial with a bayesian primary analysis for the prevention of recurrent
clostridioides difficile infection. Drugs 82, 1527-1538. doi: 10.1007/s40265-022-01797-x.
Erratum in: Drugs. 2022 Oct;82(15):1539. doi: 10.1007/s40265-022-01805-0.

Kwon, M. S, and Lee, H. K. (2022). Host and microbiome interplay shapes the
vaginal microenvironment. Front. Immunol. 13. doi: 10.3389/fimmu.2022.919728

Lagenaur, L. A., Swedek, I, Lee, P. P, and Parks, T. P. (2015). Robust vaginal
colonization of macaques with a novel vaginally disintegrating tablet containing a live
biotherapeutic product to prevent HIV infection in women. PloS One 10, €0122730.
doi: 10.1371/journal.pone.0122730

Lee, C,, Louie, T., Bancke, L., Guthmueller, B., Harvey, A., Feuerstadt, P., et al. (2023).
Safety of fecal microbiota, live-jskm (REBYOTA™) in individuals with recurrent
Clostridioides difficile infection: data from five prospective clinical trials. Ther. Adv.
Gastroenterol. 16:17562848231174277. doi: 10.1177/17562848231174277

Louie, T., Golan, Y., Khanna, S., Bobilev, D., Erpelding, N., Fratazzi, C., et al. (2023).
VE303, a defined bacterial consortium, for prevention of recurrent clostridioides
difficile infection: A randomized clinical trial. J. Am. Med. Assoc. 329, 1356-1366.
doi: 10.1001/jama.2023.4314

Mortzfeld, B. M., Palmer, J. D., Bhattarai, S. K., Dupre, H. L., Mercado-Lubio, R.,
Silby, M. W., et al. (2022). Microcin Mccl47 selectively inhibits enteric bacteria and
reduces carbapenem-resistant Klebsiella pneumoniae colonization in vivo when
administered via an engineered live biotherapeutic. Gut Microbes 14, 2127633.
doi: 10.1080/19490976.2022.2127633

O’Donnell, M. M., Hegarty, J. W., Healy, B., Schulz, S., Walsh, C. J., Hill, C,, et al.
(2022). Identification of ADS024, a newly characterized strain of Bacillus velezensis
with direct Clostridiodes difficile killing and toxin degradation bio-activities. Sci. Rep.
12, 9283. doi: 10.1038/s41598-022-13248-4

O’Toole, P. W., and Cooney, J. C. (2008). Probiotic bacteria influence the
composition and function of the intestinal microbiota. Interdiscip. Perspect. Infect.
Dis. 2008, 175285. doi: 10.1155/2008/175285

Orenstein, R, Hecht, G., Harvey, A,, Tillotson, G., and Khanna, S. (2023). Two-year
durability of REBYOTA™ (RBL), a live biotherapeutic for the prevention of recurrent

Frontiers in Microbiomes

07

10.3389/frmbi.2024.1415083

Clostridioides difficile infections. Open Forum Infect. Dis. 10, ofad456. doi: 10.1093/
ofid/ofad456

Panzer, J. J., Maples, C., Meyer, M. P., Tillotson, G., Theis, K. R., and Chopra, T.
(2024). Gut microbiome alpha diversity decreases in relation to body weight, antibiotic
exposure, and infection with multidrug-resistant organisms. Am. J. Infect. Control 52,
707-711. doi: 10.1016/j.ajic.2023.12.017

Park, S.-Y., and Seo, G. S. (2021). Fecal microbiota transplantation: is it safe? Clin.
Endoscopy 54, 157-160. doi: 10.5946/ce.2021.072

Paton, A. W,, Jennings, M. P., Morona, R., Wang, H., Focareta, A, Roddam, L. F., et al.
(2005). Recombinant probiotics for treatment and prevention of enterotoxigenic Escherichia
coli diarrhea. Gastroenterology 128, 1219-1228. doi: 10.1053/j.gastro.2005.01.050

Pettit, N. N., Shaeer, K. M., and Chahine, E. B. (2024). Live biotherapeutic products
for the prevention of recurrent clostridioides difficile infection. Ann. Pharmacother,
10600280241239684. doi: 10.1177/10600280241239685

Pot, B, and Vandenplas, Y. (2021). Factors that influence clinical efficacy of live
biotherapeutic products. Eur. J. Med. Res. 26, 40. doi: 10.1186/s40001-021-00509-7

Poupet, C., Veisseire, P., Bonnet, M., Camarés, O., GaChinat, M., Dausset, C., et al. (2019).
Curative Treatment of Candidiasis by the Live Biotherapeutic Microorganism Lactobacillus
rhamnosus Lcr35% in the Invertebrate Model Caenorhabditis elegans: First Mechanistic
Insights. Microorganisms 8(1):34. doi: 10.3390/microorganisms8010034

Rouanet, A., Bolca, S., Bru, A, Claes, I, Cvejic, H., Girgis, H., et al. (2020). Live
biotherapeutic products, A road map for safety assessment. Front. Med. (Lausanne). 7.
doi: 10.3389/fmed.2020.00237

Rudick, C. N,, Taylor, A. K., Yaggie, R. E., Schaeffer, A. J., and Klumpp, D. J. (2014).
Asymptomatic bacteriuria Escherichia coli are live biotherapeutics for UTL PloS One 9,
€109321. doi: 10.1371/journal.pone.0109321

Rutter, J. W., Dekker, L., Owen, K. A., and Barnes, C. P. (2022). Microbiome
engineering: engineered live biotherapeutic products for treating human disease. Front.
Bioengineering Biotechnol. 10. doi: 10.3389/fbioe.2022.1000873

Sims, M. D., Khanna, S., Feuerstadt, P., Louie, T. J., Kelly, C. R., Huang, E. S, et al.
(2023). Safety and tolerability of SER-109 as an investigational microbiome therapeutic
in adults with recurrent clostridioides difficile infection: A phase 3, open-label, single-
arm trial. JAMA Netw. Open 6, €2255758. doi: 10.1001/jamanetworkopen.2022.55758

Sonnenborn, U. (2016). Escherichia coli strain Nissle 1917-from bench to bedside
and back: history of a special Escherichia coli strain with probiotic properties. FEMS
Microbiol. Lett. 363(19):fnw212. doi: 10.1093/femsle/fnw212

Spacova, I, De Boeck, 1., Cauwenberghs, E., Delanghe, L., Bron, P. A., Henkens, T.,
et al. (2023). Development of a live biotherapeutic throat spray with lactobacilli
targeting respiratory viral infections. Microbial Biotechnol. 16, 99-115. doi: 10.1111/
1751-7915.14189

Swanson, K. S., Gibson, G. R., Hutkins, R., Reimer, R. A, Reid, G., Verbeke, K., et al.
(2020). The International Scientific Association for Probiotics and Prebiotics (ISAPP)
consensus statement on the definition and scope of synbiotics. Nat. Rev. Gastroenterol.
Hepatol. 17, 687-701. doi: 10.1038/s41575-020-0344-2

Tan, Y., Shen, J., Si, T, Ho, C. L, Li, Y., and Dai, L. (2020). Engineered live
biotherapeutics: progress and challenges. Biotechnol. J. 15, €2000155. doi: 10.1002/
bi0t.202000155

Tillotson, G., Archbald-Pannone, L., Johnson, S., Ng, S., Ando, M., Harvey, A, et al.
(2022). Microbiota-based live biotherapeutic RBX2660 for the reduction of recurrent
clostridioides difficile infection in older adults with underlying comorbidities. Open
Forum Infect. Dis. 10, ofac703. doi: 10.1093/ofid/ofac492.314

Zhang, Y., Zhou, L., Xia, J., Dong, C., and Luo, X. (2021). Human microbiome and its
medical applications. Front. Mol. Biosci. 8. doi: 10.3389/fmolb.2021.703585

Zhao, Y., Zhang, H., Zhao, Z., Liu, F.,, Dong, M., Chen, L., et al. (2023). Efficacy and
safety of Oral LL-37 against the Omicron BA.5.1.3 variant of SARS-COV-2: A
randomized trial. J. Med. Virol. 95, €29035. doi: 10.1002/jmv.29035

Zheng, D., Liwinski, T., and Elinav, E. (2020). Interaction between microbiota and
immunity in health and disease. Cell Res. 30, 492-506. doi: 10.1038/s41422-020-0332-7.
Sciwheel inserting bibliography....

frontiersin.org


https://doi.org/10.3390/foods8030092
https://doi.org/10.1073/pnas.1001294107
https://doi.org/10.1093/infdis/jiaa779
https://doi.org/10.14309/ajg.0000000000002576
https://doi.org/10.1001/jama.2015.3725
https://doi.org/10.1016/j.tibtech.2021.08.002
https://doi.org/10.1038/ncomms15028
https://doi.org/10.1038/nchembio.237
https://doi.org/10.1007/s40265-022-01797-x
https://doi.org/10.3389/fimmu.2022.919728
https://doi.org/10.1371/journal.pone.0122730
https://doi.org/10.1177/17562848231174277
https://doi.org/10.1001/jama.2023.4314
https://doi.org/10.1080/19490976.2022.2127633
https://doi.org/10.1038/s41598-022-13248-4
https://doi.org/10.1155/2008/175285
https://doi.org/10.1093/ofid/ofad456
https://doi.org/10.1093/ofid/ofad456
https://doi.org/10.1016/j.ajic.2023.12.017
https://doi.org/10.5946/ce.2021.072
https://doi.org/10.1053/j.gastro.2005.01.050
https://doi.org/10.1177/10600280241239685
https://doi.org/10.1186/s40001-021-00509-7
https://doi.org/10.3390/microorganisms8010034
https://doi.org/10.3389/fmed.2020.00237
https://doi.org/10.1371/journal.pone.0109321
https://doi.org/10.3389/fbioe.2022.1000873
https://doi.org/10.1001/jamanetworkopen.2022.55758
https://doi.org/10.1093/femsle/fnw212
https://doi.org/10.1111/1751-7915.14189
https://doi.org/10.1111/1751-7915.14189
https://doi.org/10.1038/s41575-020-0344-2
https://doi.org/10.1002/biot.202000155
https://doi.org/10.1002/biot.202000155
https://doi.org/10.1093/ofid/ofac492.314
https://doi.org/10.3389/fmolb.2021.703585
https://doi.org/10.1002/jmv.29035
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.3389/frmbi.2024.1415083
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org

	Clinical application of live biotherapeutic products in infectious diseases
	Introduction
	Host microbiome and association with infection

	Use of live biotherapeutic products in infectious diseases
	Clostridioides difficile infection
	Gastrointestinal infections other than C. difficile
	Multidrug-resistant organisms
	Coronavirus disease 2019 infection
	Respiratory tract infections
	Urinary tract infections
	Human immunodeficiency virus
	Bacterial vaginosis
	Candidiasis


	Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


